e Mixed populations of Saccharomyces cerevisiae yeasts and lactic acid bacteria occur in many dairy, food, and beverage fermentations, but knowledge about their interactions is incomplete. In the present study, interactions between Saccharomyces cerevisiae and Lactobacillus delbrueckii subsp. bulgaricus, two microorganisms that co-occur in kefir fermentations, were studied during anaerobic growth on lactose. By combining physiological and transcriptome analysis of the two strains in the cocultures, five mechanisms of interaction were identified. (i) Lb. delbrueckii subsp. bulgaricus hydrolyzes lactose, which cannot be metabolized by S. cerevisiae, to galactose and glucose. Subsequently, galactose, which cannot be metabolized by Lb. delbrueckii subsp. bulgaricus, is excreted and provides a carbon source for yeast. 
I
n the past decade, the intrinsic ambition to study microorganisms as integral systems has come within reach by the implementation of genome-wide analytical approaches. For example, DNA microarray-based transcriptome analysis and mass spectrometry-based proteome analysis enable accurate and inclusive measurement of microbial responses to environmental conditions (1) (2) (3) (4) (5) (6) . Chemostat cultivation is highly valuable for this type of research, as it offers unique options for experimental design. In particular, chemostat cultivation enables researchers to manipulate individual cultivation parameters with minimal impact on other process conditions and at a fixed specific growth rate and, thereby, to dissect responses to individual environmental conditions (7) (8) (9) (10) .
So far, chemostat-based transcriptome analysis has largely been confined to pure cultures. These, however, represent an extreme simplification of the situation in nature as well as in many food and beverage fermentations, where mixed microbial populations confer product characteristics such as flavor, aroma, nutritional value, and storage stability (11) (12) (13) (14) . While food fermentation processes have been intensively investigated, the mechanisms governing population composition, dynamics, and performance remain largely elusive. A better understanding of microbial interactions could contribute to improvement of mixed-culture fermentation processes. Moreover, genome-wide studies on cocultures may provide leads for functional analysis of genes whose function has not yet been identified in pureculture studies.
A limited number of recent studies have indicated that genome-wide transcriptome analysis can provide a better insight into the nature and molecular basis of microbial interactions in mixed cultures of industrial organisms (15) (16) (17) (18) . The fact that all these reports involve lactic acid bacteria (LAB) reflects the importance of this group of bacteria in the mixed cultivations for the dairy industry and the fermentation of other foods, such as olives, sourdough, and coffee. Another common feature of all these studies is the utilization of a dynamic cultivation mode (batch) for the mixed population. In batch cultures, the inherent culture dynamics inevitably lead to changing interactions between microbial species in mixed populations, e.g., due to the depletion of substrates or to the accumulation of products. Investigating the Lactococcus lactis response to cocultivation with Saccharomyces cerevisiae, Maligoy and coworkers identified these culture dynamics to be "a crucial problem" in the dissection of microbial responses to cocultivation in batch cultures (16) . Carefully designed chemostat experiments can lead to stable cocultures in which cultivation conditions are constant in time (19) (20) (21) (22) . When, in a mixed-pop-ulation chemostat, interaction between two microbial strains or species is solely determined by competition for a single nutrient, stable cocultivation is possible only when a unique residual concentration is used for each set of experimental conditions (23) . More stable binary cocultures can be established by growing cultures on mixtures of substrates of which each component can be used by only one of the microorganisms or in which one microorganism cannot grow on the single substrate that is provided to the culture but is able to grow on a metabolic product of its partner. To our knowledge, this concept has so far not been applied for chemostat-based transcriptome analysis of microbial interactions.
Furthermore, among the few published transcriptome studies, only one investigated the reciprocal response of all organisms involved in the cocultivation (in this case, the response of Streptococcus salivarius subsp. thermophilus and Lactobacillus delbrueckii subsp. bulgaricus involved in yoghurt fermentation [15] ), while the others focused on the response of a single organism. Maligoy and coworkers investigated the response of L. lactis to cocultivation with S. cerevisiae (16) , and Hervé-Jimenez and coauthors explored the impact of cocultivation of Streptomyces salivarius subsp. thermophilus with its yoghurt partner, Lb. delbrueckii subsp. bulgaricus, on the S. salivarius subsp. thermophilus transcriptome (24) . A more recent study assessed S. cerevisiae's response to the presence of Oenococcus oeni during wine fermentation (17) .
The present study aims to explore chemostat-based transcriptome analysis of mixed cultures by investigating interactions between the yeast S. cerevisiae and the lactic acid bacterium Lb. delbrueckii subsp. bulgaricus. S. cerevisiae and Lb. delbrueckii subsp. bulgaricus are both frequently encountered in kefir, a fermented dairy product (25) . In the context of this study, this binary culture serves as a model for the many traditional food and beverage fermentation processes in which yeasts and lactic acid bacteria occur together (19, (26) (27) (28) (29) (30) . The design of the cultivation conditions was based on the observation that Lb. delbrueckii subsp. bulgaricus, but not S. cerevisiae, can use lactose as a carbon source for growth and that S. cerevisiae, but not Lb. delbrueckii subsp. bulgaricus, can grow on the galactose that is released upon hydrolysis of lactose by the bacterial ␤-galactosidase.
MATERIALS AND METHODS
Strains and maintenance. The prototrophic haploid yeast strain Saccharomyces cerevisiae CEN.PK113-7D (MATa MAL-8c SUC2 [31, 32] ) was obtained from P. Kötter (J. W. Goethe Universität, Frankfurt, Germany). For storage, shake-flask cultures containing YPD medium (yeast peptone dextrose; 1% yeast extract, 2% Bacto peptone, and 2% dextrose; BD Biosciences, Breda, The Netherlands [33] , pH set at 6.0) were inoculated with the yeast strain and grown to stationary phase at 30°C. After addition of sterile glycerol (final concentration, 20% [vol/vol]), 2-ml aliquots were stored in sterile vials at Ϫ80°C. Lactobacillus delbrueckii subsp. bulgaricus ATCC BAA-365 (34) was obtained from LGC Standards GmbH (Wesel, Germany). The strain was grown to stationary phase at 37°C without agitation in 100-ml screw-cap flasks containing 100 ml MRS medium (5.5% MRS broth; BD Biosciences). After mixing with glycerol (final concentration, 20% [vol/vol]), aliquots were stored at Ϫ80°C.
Design and composition of BC medium. The chemically defined bulgaricus cerevisiae (BC) medium (see Table S1 in the supplemental material) was designed to cover all nutritional requirements of S. cerevisiae and Lb. delbrueckii subsp. bulgaricus by combining published compositions of chemically defined media for the growth of S. cerevisiae (chemically defined medium [CDM] [35] ) and Lb. delbrueckii subsp. bulgaricus (milieu proche du lait [MPL] medium [36] ). When a component was present in both media, the highest concentration was used in the BC medium. Under anaerobic conditions, S. cerevisiae has a strict requirement for unsaturated fatty acids (37) , which can be met by including Tween 80, a sorbitol ester of oleic acid, to anaerobic growth medium (38) . Tween 80 has also been shown to stimulate the growth of Lb. delbrueckii subsp. bulgaricus (39) . Verduyn et al. (38) recommended an optimal concentration of 0.42 g · liter Ϫ1 Tween 80 for anaerobic growth of S. cerevisiae, while the Lb. delbrueckii subsp. bulgaricus MPL medium contains 1 g · liter Ϫ1 Tween 80. Also in this case, the highest concentration was used for the BC medium. Ergosterol, another anaerobic growth factor of S. cerevisiae (40) , was added at a concentration of 10 mg · liter Ϫ1 (38) . Tween 80 and ergosterol were prepared and added to the media as previously described (38) . The concentration of sodium acetate, which supports efficient growth of Lb. delbrueckii subsp. bulgaricus (36) , was reduced from 75 to 10 mM after showing that this reduction did not affect growth in flasks. The reducing agent thioglycolate was used only during flask cultivation to capture oxygen and not in bioreactors, in which anaerobicity was maintained by sparging with nitrogen gas (see below). In the bioreactors, the BC medium was supplemented with 73 mM (2.5%, wt/vol) lactose for monocultures of Lb. delbrueckii subsp. bulgaricus and for cocultures and with 73 mM (1.3%, wt/vol) galactose for monocultures of S. cerevisiae. These carbon sources were added to the medium after separate sterilization at 110°C.
Growth rate determination. The specific growth rate of monocultures of yeast and bacteria was measured in four different media. Both the yeast and the lactic acid bacterium were grown in the BC medium described above and in YP (1% yeast extract, 2% Bacto peptone), a complex medium commonly used for yeast propagation. The growth of yeast was also tested in a chemically defined minimal medium (35) , while the bacterial growth was tested in the complex medium MRS.
The cultures were incubated in an anaerobic chamber (Sheldon MFG Inc., Cornelius, OR) to mimic at best the conditions of the anaerobic chemostat setup used to explore yeast-bacterium interactions. The gas mixture in the anaerobic chamber was composed of 5% H 2 , 6% CO 2 , and 89% N 2 . Thioglycolate was not required in this anaerobic environment and was not added to the medium. The anaerobic growth factors Tween 80 and ergosterol were added to the YP medium (1 g · liter Ϫ1 and 10 mg · liter Ϫ1 , respectively, identical to the concentrations added to the BC medium) to enable fast anaerobic growth. The incubation temperature was set to 35°C, and 100-ml shake flasks were placed in an orbital shaker at 200 rpm (Unimax1010 shaker; Heidolph, Kelheim, Germany). Lb. delbrueckii subsp. bulgaricus was cultivated with 2% lactose as the carbon source, while 2% galactose was used for S. cerevisiae. The pH of the media was set to 6.0. Precultures were performed in the same medium as the one used for growth rate determination. Bacterial precultures were incubated in the anaerobic chamber, while yeast precultures were performed in an aerobic environment.
Growth rates were measured from independent culture duplicates for each strain and each medium. Cultivation of the lactic acid bacteria in YP and MRS resulted in the rapid acidification of the medium and in a decline in the growth rate. To circumvent this problem, the growth rate was determined for both strains and in all media in the first 5 h following inoculation, a period during which the cultures displayed exponential growth.
Bioreactor batch and chemostat cultivation. Yeast precultures were grown in 500-ml shake flasks on 100 ml of CDM (35) supplemented with 2% galactose. After inoculation with a frozen stock culture, precultures were incubated for 24 h at 30°C in an orbital shaker at 200 rpm. Subsequently, 1 ml of the preculture was transferred to another 500-ml shake flask containing 100 ml of BC medium supplemented with 2% galactose. After 24 h of cultivation at 30°C in an orbital shaker at 200 rpm, the second preculture was used to inoculate bioreactors (see below).
For Lb. delbrueckii subsp. bulgaricus, the first preculture was prepared by inoculating the frozen stock culture in 100-ml screw-cap flasks with 100 ml MRS medium. After 24 h of incubation without agitation at 37°C, 1 ml of this first preculture was used to inoculate a second preculture in a 100-ml screw-cap flask containing 100 ml of BC medium supplemented with 2.5% lactose. After 24 h of incubation, this second preculture was used to inoculate bioreactors.
Batch and chemostat cultures were carried out in 2-liter bioreactors (Applikon, Schiedam, The Netherlands) with working volumes of 1.4 liters and 1.0 liter, respectively. The pH was controlled at 6.0 by automated titration with 2 M KOH. The temperature was set at 35°C, and the stirring rate was set to 800 rpm. In batch cultures, anaerobicity was maintained by sparging with pure nitrogen gas or a gas mixture (2% CO 2 , 98% N 2 ) at a flow rate of 0.5 liter · min Ϫ1 (CO 2 2.7 [99.7% pure] and N 2 5.0 [99.999% pure]; Linde Gas Benelux). In chemostat cultures, the medium reservoir was sparged with pure nitrogen gas and the culture vessel was sparged with a 2% CO 2 -98% N 2 gas mixture. Cultures were equipped with Norprene tubing to prevent oxygen diffusion. In chemostats, the culture volume was controlled via an electrical level sensor and the dilution rate was set to 0.10 h Ϫ1 . In bioreactors, the synthetic medium was supplemented with 0.3 g · liter Ϫ1 of antifoam A8011 (Sigma-Aldrich, St. Louis, MO). Chemostat cultures were considered to be in steady state when, after at least six volume changes, key parameters, such as culture dry weight, substrate concentration, and specific CO 2 production rate, changed by less than 2% over two consecutive volume changes. For each chemostat condition (yeast only, LAB only, and mixed culture), three independent culture replicates were run.
Substrate, amino acid, and metabolite quantification. Samples were centrifuged, and the supernatant was analyzed by high-performance liquid chromatography (Waters, Milford, MA) on a chromatograph equipped with Galaxie software (Varian Inc., Palo Alto, CA). An Aminex HPX-87H column (Bio-Rad, Hercules, CA) was eluted with sulfuric acid (5 mM, 0.6 ml/min) at 59°C. Detection was by means of a dual-wavelength absorbance detector (Waters 2487) and a refractive index detector (Waters 2410).
Residual sugars (lactose, glucose, and galactose) as well as glycerol were measured with enzymatic kits (BioControl Systems, Nieuwerkerk aan den IJssel, The Netherlands).
The free amino acids in the medium vessel and in the culture supernatant from chemostats were measured by two independent methods, one based on high-performance liquid chromatography according to a previously described method (41) and one based on gas chromatography-mass spectrometry as previously described (42) . To calculate the amino acid concentrations for each culture condition (yeast only, LAB only, and mixed culture), the average and standard deviation of measurements from three independent culture replicates by the two analytical methods were used.
Exhaust gas was cooled in a condenser (2°C) and dried with a PermaPure dryer (model MD 110-48P-4; Inacom Instruments, Veenendaal, The Netherlands) prior to online analysis of carbon dioxide with a Rosemount NGA 2000 analyzer (Baar, Switzerland).
Biomass, cell number, and cell size determination. To determine biomass dry weight, a known culture volume containing 0.01 to 0.03 g (dry weight) was filtered over dried nitrocellulose filters of known weight (pore size, 0.2 m; Gelman Sciences). The filters were then washed with 20 ml demineralized water, dried for 20 min in a microwave oven at 360 W, and reweighed. The dry weights of duplicate samples differed by less than 1%. Yeast cell numbers in mixed cultures were counted with a hemocytometer (Bright-Line hemacytometer; Cambridge Instruments Inc., Buffalo, NY), and the biomass (dry weight) concentrations were estimated from a correlation between cell number and dry biomass established in pure cultures of S. cerevisiae and were used to determine the dry weight of S. cerevisiae in mixed cultures. The biomass dry weight of Lb. delbrueckii subsp. bulgaricus in mixed culture was calculated by subtracting the yeast dry weight from the total biomass dry weight. Pictures for cell size analysis were taken with an AxiocamMR microscope camera (Zeiss, Sliedrecht, The Netherlands) equipped with a ϫ40 objective (EC PlanNeofluar 40ϫ/0.75 Ph 2 M27; Zeiss). The cell sizes of Lb. delbrueckii subsp. bulgaricus were measured using the segmented line selections tool in ImageJ software (http://rsbweb.nih.gov/ij/) on the basis of 391 and 388 cells from pure and mixed cultures, respectively.
DNA microarrays and transcriptome analysis. Sampling for transcriptome analysis from pure and mixed cultures was performed as previously described, using liquid nitrogen for rapid quenching of metabolism (43) . Samples were stored at Ϫ80°C in a mixture of phenol-chloroform and TEA (Tris-EDTA-acetate) buffer until further processing for total RNA extraction. Yeast total RNA from pure and mixed cultures was recovered using phenol-chloroform extraction as previously described (43) . Further processing of RNA into cDNA relies on reactions initiated by the poly(A) tail carried by eukaryotic mRNAs only. Separation of the reaction products using the Agilent bioanalyzer confirmed that carryover of Lb. delbrueckii subsp. bulgaricus RNA was negligible, thereby demonstrating that no additional purification of yeast mRNA was required. Processing of total RNA was performed according to Affymetrix's (Santa Clara, CA) instructions. RNA target preparation for microarray expression analysis was carried out according to instructions supplied with the GeneChip 3= IVT Express kit (Affymetrix, Santa Clara, CA), using 200 ng of total RNA for both pure and mixed cultures. The protocol was carried out with minor modifications; i.e., the Affymetrix poly(A) RNA controls were excluded from the antisense RNA (aRNA) amplification protocol, and the IVT reaction mixtures were incubated for 16 h at 40°C. The quality of total RNA, cDNA, cRNA, and fragmented aRNA was checked using an Agilent Bioanalyzer 2100 instrument (Agilent Technologies). Hybridization, washing, and scanning of Affymetrix chips were performed following the manufacturer's instructions. Results for each growth condition were derived from three independent culture replicates. Processing of expression data (normalization, expression cutoff, etc.) was performed as described previously (44) . Differentially expressed genes were identified using the Excel plug-in of the significance analysis of microarrays software (45) with a false-positive discovery rate (FDR) of 5%. Enrichment of the differentially expressed genes for functional categories was performed as described previously to (46) .
Lb. delbrueckii subsp. bulgaricus total RNA from pure and mixed cultures was isolated as previously described (15) . Five hundred milligrams of 0.1-mm-diameter zirconium beads (Biospec Products Inc., OK) was added to the extraction tubes to ensure efficient mechanical lysis of cells. Processing of RNA, labeling and hybridization, scanning, and DNA microarray analysis were also performed using Agilent custom-made arrays as described previously (15) .
As S. cerevisiae RNA was not removed from the mixed-culture RNA, the influence of the presence of S. cerevisiae RNA/cDNA on the hybridization efficacy of Lb. delbrueckii subsp. bulgaricus cDNA was first tested by hybridizing Lb. delbrueckii subsp. bulgaricus monoculture cDNA against the same cDNA mixed in a 1:1 ratio with S. cerevisiae pure-culture cDNA (see Fig. S1 in the supplemental material). This showed no significant differential hybridization (fold change, greater than 2; FDR value, less than 0.05) for any Lb. delbrueckii subsp. bulgaricus probe, indicating that the presence of S. cerevisiae cDNA did not affect Lb. delbrueckii subsp. bulgaricus cDNA binding.
Samples from three independent Lb. delbrueckii subsp. bulgaricus and mixed chemostat cultures were hybridized to 12 arrays following the experimental design described in Fig. S1 in the supplemental material. Genes with a fold change in expression between mixed and pure cultures of greater than 2-fold and with an FDR of less than 0.05 between replicates were considered significantly differentially regulated. As for the S. cerevisiae data, enrichment of the differentially expressed genes for the functional categories was performed as described previously (46) .
Carbon balances. Calculations of carbon recovery were based on biomass carbon contents of 48% and 45% for S. cerevisiae and Lb. delbrueckii subsp. bulgaricus, respectively. Ethanol evaporation from cultures was experimentally determined by following ethanol evaporation from two sterile batch experiments that copied the actual fermentation conditions (i.e., 8 g/liter glucose, BC medium, and 35°C) but in the absence of bio-mass. The specific rates of ethanol evaporation were corrected with the measured ethanol evaporation constant of 0.009 h Ϫ1 . Microarray data accession numbers. The complete data set is available at the Gene Expression Omnibus database (http://www.ncbi.nlm.nih .gov/geo) under accession number GSE45776. The custom Lb. delbrueckii subsp. bulgaricus microarray design and hybridization data are available at the Gene Expression Omnibus database under accession number GSE45623.
RESULTS
Anaerobic growth on lactose enables stable cocultivation of S. cerevisiae and Lb. delbrueckii subsp. bulgaricus. Lactose is an abundant disaccharide in milk. Although S. cerevisiae is frequently encountered in fermented dairy products, such as kefir (12, 25) , this yeast cannot metabolize lactose. Lb. delbrueckii subsp. bulgaricus, one of the dominant prokaryotes in kefir fermentation, grows well on lactose as the sole carbon source but, after hydrolysis of this disaccharide, can metabolize the resulting glucose but not galactose. Galactose is an excellent carbon source for growth and alcoholic fermentation by S. cerevisiae. Consequently, growth on lactose by a consortium of S. cerevisiae and Lb. delbrueckii subsp. bulgaricus might enable the establishment of stable cocultures and provide a platform to investigate interactions between these two microorganisms that are not related to carbon source metabolism.
To explore cocultivation of S. cerevisiae and Lb. delbrueckii subsp. bulgaricus, we first designed a synthetic medium and chose growth conditions that allow growth of both organisms. Lb. delbrueckii subsp. bulgaricus and S. cerevisiae have different temperature optima for growth (ca. 43°C and 33°C, respectively [47, 48] ). As temperatures above 36°C negatively affect the growth and metabolism of S. cerevisiae, a temperature of 35°C (slightly below the critical point of S. cerevisiae CEN.PK113-7D [48] ) was chosen for the experiments involving mixed cultures. The pH was set to 6.0, a standard pH for both organisms. A chemically defined medium (BC medium; see Materials and Methods and Table S1 in the supplemental material) was designed to supply all required nutrients in excess for the lactic acid bacterium and the yeast. Growth of both organisms was tested individually in anaerobic shake flasks with the chosen pH and temperature using BC medium as well as media commonly used for LAB and yeast growth ( Table 1) . The BC medium supported the growth of Lb. delbrueckii subsp. bulgaricus at a specific rate of 0.18 Ϯ 0.003 h Ϫ1 . As expected, the growth measured in this chemically defined medium was slower than that measured in the MRS and YP complex media. Conversely, in the BC medium, S. cerevisiae, having very modest nutritional requirements, grew as fast (0.31 Ϯ 0.013 h Ϫ1 ) as in the complex YP medium (0.38 Ϯ 0.003 h Ϫ1 ) and much faster than in minimal CDM (0.10 Ϯ 0.007 h Ϫ1 ). The chosen conditions (BC medium, pH 6.0, 35°C) therefore satisfactorily supported the growth of both microorganisms under carbon source excess. The growth rate measurements indicated that cocultivation of S. cerevisiae and Lb. delbrueckii subsp. bulgaricus in a chemostat at a dilution rate of 0.1 h Ϫ1 should lead to steady-state growth of both microbes. Yeast provides the carbon dioxide required for growth of Lb. delbrueckii subsp. bulgaricus. As expected from growth in anaerobic shake flasks, monocultures of S. cerevisiae grew equally well in bioreactors using the growth conditions defined above and galactose as the carbon source. Cocultures of Lb. delbrueckii subsp. bulgaricus and S. cerevisiae on lactose also grew rapidly (Fig. 1A) and consumed all sugar carbon within 35 h. However, monocultures of Lb. delbrueckii subsp. bulgaricus failed to grow on lactose in the bioreactor cultures (Fig. 1B) . Although the bacteria converted the supplied lactose to glucose and galactose, neither biomass nor lactate concentrations increased. The major difference between flasks and bioreactors was the flushing of the bioreactor culture with pure nitrogen gas. It has previously been reported that the growth of Lb. delbrueckii subsp. bulgaricus is stimulated by carbon dioxide (20) . While carbon dioxide was efficiently stripped from the bioreactors thanks to the continuous sparging of the vessels with pure nitrogen gas, the flasks, regularly exposed to ambient air during sampling, may contain CO 2 in an amount sufficient to enable growth of the lactic acid bacteria. Furthermore, shake flasks performed for growth rate measurements were incubated in an anaerobic chamber flushed with a gas mixture containing 6% CO 2 . In mixed cultures, S. cerevisiae produces carbon dioxide via its alcoholic fermentation pathway, which could compensate for the CO 2 stripping in the nitrogen-sparged bioreactors. The CO 2 requirement of Lb. delbrueckii subsp. bulgaricus was confirmed when bioreactor batch cultures on lactose were sparged with a gas mixture containing 2% CO 2 (2% CO 2 , 98% N 2 ; Fig. 1C ). Increasing the CO 2 supply in pure Lb. delbrueckii subsp. bulgaricus culture to 4% CO 2 did not increase the growth rate compared to that in 2% CO 2 (data not shown).
A slight delay in lactose utilization and lactate production was observed in the mixed cultures (Fig. 1A) compared to the Lb. delbrueckii subsp. bulgaricus monocultures sparged with 2% CO 2 (Fig. 1C) , probably reflecting the time required for the yeastdriven CO 2 production to reach a threshold level sufficient for growth of Lb. delbrueckii subsp. bulgaricus. In further experiments, CO 2 was provided to all pure and mixed cultures via sparging with a 2% CO 2 -98% N 2 gas mixture. Although not required for growth of Lb. delbrueckii subsp. bulgaricus in mixed cultures, the additional CO 2 supply prevented the dependency of Lb. delbrueckii subsp. bulgaricus on yeast for CO 2 supply. The maximum specific growth rates under these experimental conditions were 0.29 Ϯ 0.01 h Ϫ1 for S. cerevisiae and 0.20 Ϯ 0.00 h Ϫ1 for Lb. delbrueckii subsp. bulgaricus (measured from duplicate batch cultures).
Stable chemostat cocultivation of S. cerevisiae and Lb. delbrueckii subsp. bulgaricus. Using the experimental conditions described above (pH 6.0, 35°C, BC medium, 2% CO 2 -98% N 2 ), a chemostat cultivation regime was designed for stable cocultivation. By supplying lactose as the growth-limiting nutrient, a strict dependency of the yeast on lactose hydrolysis and galactose production by the lactic acid bacterium was ensured. At a dilution rate of 0.10 h Ϫ1 , reproducible and stable cocultures of S. cerevisiae and Lb. delbrueckii subsp. bulgaricus were obtained (Table 2) . Triplicate cultures showed a low residual concentration of lactose, in agreement with the reported affinities of lactose phosphotransferase transport systems in LAB (49) . Additionally, low concentrations of glucose (0.34 Ϯ 0.04 mM) were detected in the cocultures. This indicates a release of glucose by either S. cerevisiae or Lb. delbrueckii subsp. bulgaricus or, alternatively, a release of some ␤-galactosidase into the medium. In theory, release of glucose by Lb. delbrueckii subsp. bulgaricus, coupled to its consumption by S. cerevisiae, could result in competition for glucose between the two microorganisms. However, S. cerevisiae grew at the same biomass density and with the same biomass yield in mono-and mixed cultures ( Table 2 ), indicating that consumption of glucose did not make a significant contribution to its growth in the mixed cultures.
As anticipated, lactate and ethanol, the major fermentation products of Lb. delbrueckii subsp. bulgaricus and S. cerevisiae, respectively, were by far the major products of the cofermentation (121 Ϯ 3 mM lactate and 130 Ϯ 1 mM ethanol) and represented ca. 75% of the recovered carbon. A comparison of metabolic fluxes in the pure and mixed cultures showed only minor differences ( Table 2 ) and suggested that cocultivation has a negligible impact on fluxes through central carbon metabolism in S. cerevisiae and Lb. delbrueckii subsp. bulgaricus. Carbon recovery in the galactose-grown yeast monocultures exceeded 100%, probably reflecting the coutilization of amino acids as additional carbon sources.
Cocultivation with S. cerevisiae affects the morphology of Lb. delbrueckii subsp. bulgaricus. No changes in morphology or cell size were observed for S. cerevisiae in the presence of Lb. delbrueckii subsp. bulgaricus compared to its morphology and cell size in monocultures of this yeast. In contrast, the morphology of Lb. delbrueckii subsp. bulgaricus cells was different in pure and cocultures. Cells grown in coculture were significantly shorter (average size, 9 Ϯ 6 m) than those grown in pure culture (average size, 18 Ϯ 8 m) (Fig. 2) . Bacterial filamentation is often associated with stress responses resulting from unfavorable environmental circumstances, such as the presence of antibiotics, toxic fermentation product accumulation, and depletion of growth medium components (50) . This surprising observation suggested that consumption of a medium component or production of certain compounds by yeast triggers the observed morphological alteration of Lb. delbrueckii subsp. bulgaricus in the cocultures.
Cocultivation with Lb. delbrueckii subsp. bulgaricus elicits a transcriptional response to lactic acid in yeast. To further investigate the impact of cocultivation with Lb. delbrueckii subsp. bulgaricus, the transcriptomes of S. cerevisiae in triplicate galactosegrown monocultures and triplicate lactose-grown cocultures were compared, revealing that 17 genes (0.2% of the S. cerevisiae genome) showed a significantly different transcript level under these two cultivation regimes ( Table 3 ). The 11 genes whose transcript levels were higher in the cocultures showed a clear overrepresentation for genes involved in iron and copper transport and homeostasis (gene ontology categories copper ion transmembrane transport and iron ion homeostasis were significantly enriched, with P values of 3.2EϪ07 and 4.7EϪ07, respectively; see Materials and Methods). Abbott and coworkers reported the upregulation of S. cerevisiae genes belonging to these functional categories in vated with S. cerevisiae in the absence of added CO 2 (culture sparged with 100% nitrogen gas) (A), in pure culture in the absence of added CO 2 (culture sparged with 100% nitrogen gas) (B), or in pure culture with sparging of the culture vessel with a 2% CO 2 -98% N 2 gas mixture (C). ᮀ, optical density; , lactose; ᭜, glucose; , galactose; , lactate. The dashed lines in panels A and C represent the percentage of CO 2 in the off-gas. Cultures were run in duplicate. The duplicates differed by less than 10%, and the results for a single replicate are represented in each panel.
response to high lactate concentrations (51) . By varying the concentration of lactic acid (500 and 900 mM), they showed the dose dependency of this effect, which was attributed to chelation of cations, and especially iron, by lactate. In cocultures, the lactate concentration produced by Lb. delbrueckii subsp. bulgaricus remained substantially lower (ca. 120 mM) than the concentrations studied by Abbott and coworkers (51) . Still, out of 28 genes involved in iron and copper homeostasis that responded to high (Table 3) . When statistical criteria were slightly relaxed, expression of most of these 28 genes (ca. 20) was found to be higher in the cocultures (Fig. 3) .
Of the 17 yeast genes that were differentially expressed between mixed and pure cultures, 12 (i.e., 70%) were previously identified as lactate responsive (Table 3 ). The changes in the expression levels of these genes were remarkably lower (average, 2.7-fold) than the changes in expression levels previously measured by Abbott and coworkers (51) (Table 3) , consistent with the proposed dose dependency of the lactate response. Of the remaining 5 genes, CTR3 encodes a high-affinity copper transporter that was not found to be upregulated by Abbott et al. (51) . The remaining 4 genes (EEB1, ADH2, PHM8, and XBP1) did not show a clear overrepresentation of a functional category.
The presence of S. cerevisiae triggers a transcriptional response in Lb. delbrueckii subsp. bulgaricus in long-chain fatty acid (LCFA) and amino acid metabolism. After confirming that the presence of yeast mRNA did not interfere with the bacterial mRNA during hybridization on the microarrays, RNA from three independent chemostats of lactose-grown mono-and cocultures of Lb. delbrueckii subsp. bulgaricus was hybridized to dedicated Lb. delbrueckii subsp. bulgaricus DNA microarrays (see Materials and Methods). Eighty-three Lb. delbrueckii subsp. bulgaricus genes (4% of the Lb. delbrueckii subsp. bulgaricus genome) showed a significantly different transcript level during cocultivation with S. cerevisiae. Of these 83 genes, 27 encode hypothetical proteins or do not have predicted functions. Among the 56 differentially expressed genes that are functionally annotated, 22 and 34 displayed higher and lower transcript levels in the cocultures, respectively. Two functional categories involved in biosynthesis were overrepresented among these differentially expressed genes ( Table 4 ). The first is amino acid transport and metabolism, notably, cysteine and methionine metabolism (P value for enrichment, 8.3EϪ4) and, related to that, glycine, serine, and threonine (P ϭ 7.3EϪ4) for conversion to cysteine and methionine, and the second is fatty acid metabolism (P ϭ 1.5EϪ5).
Lb. delbrueckii subsp. bulgaricus genes involved in the biosynthesis and uptake of the amino acids cysteine, methionine, and threonine were downregulated in mixed culture, suggesting increased amino acid availability in the presence of yeast. However, analysis of the culture supernatants did not indicate differences in e Genes encoding proteins involved in iron and copper homeostasis (51) .
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October 2013 Volume 79 Number 19 aem.asm.org 5955 cysteine, methionine, or threonine concentrations between the mono-and cocultures that could explain the observed modifications in gene expression. The lowest amino acid concentration was found in monocultures of Lb. delbrueckii subsp. bulgaricus (Fig. 4) , in which the residual alanine concentration was 170 Ϯ 46 M (out of 1,194 Ϯ 162 M supplied), which is in agreement with the reported affinity for amino acid transport in lactic acid bacteria (49) . Under the experimental conditions, pure cultures of S. cerevisiae produced alanine (52), leading to a high residual concentration of 2,081 Ϯ 286 M. The absence of additional consumption of alanine and the lack of a specific transcriptional response in mixed culture compared to pure cultures of Lb. delbrueckii subsp. bulgaricus indicated that alanine availability in the pure culture was sufficient to support the requirement of Lb. delbrueckii subsp. bulgaricus. The other major functional category enriched among the differentially expressed genes covered lipid metabolism and, more particularly, the biosynthesis of LCFA. Of the 10 annotated Lb. delbrueckii subsp. bulgaricus genes involved in LCFA biosynthesis, 7 were significantly upregulated in mixed culture compared to pure cultures, with fold changes ranging from 2.2 to 3.8 ( Table 4 ).
The expression of several genes related to extracellular polysaccharide synthesis was downregulated when Lb. delbrueckii subsp. bulgaricus was cultivated in the presence of yeast (see Table S2 in the supplemental material). Genes encoding proteins involved in saccharide monomer uptake (e.g., a putative mannose/fructose phosphotransferase system), processing (e.g., mannose and glucose phosphomutase), and biosynthesis of capsular polysaccharides (CPSs; e.g., UDP-glucose 4-epimerase and one of the genes in the CPS synthase complex) were expressed at a lower level in mixed culture. Extracellular polysaccharides are known to protect cells against a variety of stresses (53) and may, like the morphological changes, indicate a decreased degree of stress when Lb. delbrueckii subsp. bulgaricus is cocultivated with yeast.
DISCUSSION
The present study shows how the design of cultivation conditions can enable stable, essentially noncompetitive cocultivation of two microorganisms under stable environmental conditions, thus facilitating the application of genome-wide expression analysis to the resulting mixed cultures and interpretation of the findings. The combination of S. cerevisiae and Lb. delbrueckii subsp. bulgaricus was primarily chosen as a laboratory model to investigate the applicability of chemostat cultures, and the carbon-limited chemostat conditions used in this study are very different from the sugar-excess conditions in real-life food and beverage fermentation processes. Nevertheless, some of the interactions between the yeast and the lactic acid bacterium demonstrated in this study are likely to be of key importance for their coexistence in mixedculture fermentation processes.
In the late 1960s and early 1970s, a few studies had already explored the possibility of whether steady cultivation of mixed microbial populations could be reached in a chemostat by applying tailored feeding strategies. A stable cocultivation of S. cerevisiae and Lactobacillus casei was reached in rich medium, in which the growth of the yeast was limited by the carbon source (glucose), while the growth of the bacterium was limited by the supply of riboflavin (a vitamin for which S. cerevisiae is prototroph) (21) . In this system, growth of the bacterium and of the yeast could be tuned independently by adjusting the glucose and riboflavin supplies, but both organisms competed for the same carbon source. In another study, a dependency of Proteus vulgaris on S. cerevisiae was created by choosing a medium leading to good yeast growth but poor growth of the bacterium (19) . In this way, both organisms competed for the carbon source; while the growth of S. cerevisiae was directly limited by the carbon source (glucose), the growth of P. vulgaris was limited by one or more essential nutrients supplied by the yeast, presumably a vitamin. In an approach very similar to the one used in the present study, Acetobacter sub- oxydans was cultivated with Saccharomyces carlsbergensis in mannitol-limited chemostats (22) . While A. suboxydans can metabolize mannitol, the yeast is incapable of using this sugar as a carbon source. A. suboxydans converts mannitol to D-fructose, a suitable carbon source for S. carlsbergensis, and D-fructose is subsequently slowly oxidized to D-ketofructose. In this system, growth of S. carlsbergensis is dependent on the D-fructose excreted in the culture medium by the bacteria. However, when mannitol is the limiting nutrient, both organisms will eventually compete for D-fructose. The present study introduces an original strategy to reach stable cocultivation by limiting both organisms involved by the carbon source while preventing competition for this carbon source.
Carbon metabolism in lactose-grown mixed cultures of S. cerevisiae and Lb. delbrueckii subsp. bulgaricus can be considered a classical example of mutualism (54) . Lactose hydrolysis by Lb. delbrueckii subsp. bulgaricus and release of galactose provide S. cerevisiae with a utilizable carbon source, while generation of carbon dioxide by the yeast alcoholic fermentation pathway is required to support the growth of the lactic acid bacterium. The absence of a Leloir pathway for galactose metabolism and of ␤-galactosidase in Lb. delbrueckii subsp. bulgaricus and S. cerevisiae, respectively (31, 55) , provides a clear biochemical explanation for the complementarity of these two species in lactose metabolism. In contrast, there is as yet no published biochemical explanation for the capnophily (requirement for high carbon dioxide concentrations) of Lb. delbrueckii subsp. bulgaricus, a phenomenon that occurs in representatives of many microbial taxa (56) . In several microorganisms, including S. cerevisiae, loss-of-function mutations in the gene encoding carbonic anhydrase result in a requirement for high carbon dioxide concentrations for growth (57, 58) . Since the genome of Lb. delbrueckii subsp. bulgaricus harbors an open reading frame (LBUL_0423) with very strong sequence identity with prokaryotic carbonic anhydrase genes, this does not seem to be a plausible explanation. A similar phenomenon was previously observed in Lactobacillus plantarum cultivated aerobically. Intense sparging of Lb. plantarum cultures with air resulted in a decreased growth rate and in the upregulation of CO 2 -producing reactions (malic enzyme, pyruvate dehydrogenase, pyruvate oxidase). As in the present study, fast growth was recovered upon sparging the culture with CO 2 -enriched air (air with 1% CO 2 [59] ). In the present study, differential expression of genes encoding CO 2 -producing or -consuming reactions was not observed and was not expected, as both mono-and mixed cultures were supplied with CO 2 . The genome of Lb. plantarum also harbors a carbonic anhydrase-like gene. The functionality of carbonic anhydrase in these two Lactobacillus species has, however, not been documented, and further research is required to understand this important aspect of the ecophysiology of lactobacilli.
Despite the carbon-limited cultivation conditions used in the present study, analysis of residual amino acid concentrations in the cultures suggested possible interactions of S. cerevisiae and Lb. delbrueckii subsp. bulgaricus at the level of nitrogen metabolism. In particular, the data suggest that alanine excreted by the yeast may be taken up by the bacterium. The physiological impact of such amino acid cross-feeding may be of much greater significance under nitrogen-limited conditions and may be experimentally addressed by performing additional experiments with different concentrations and compositions of the complex nitrogen source used in this study. Another possible interaction, unexplored in the present study, is the cross-feeding of the bacteria by peptides released by S. cerevisiae. Although very little is known about peptide transport in S. cerevisiae, this yeast harbors one diand tripeptide transporter (Ptr2) and two transporters for bigger oligopeptides (Opt1 and Opt2 [60] ). Transcripts for OPT1 were not detected, but OPT2 and PTR2 were expressed at similar levels during mono-and cocultivation of yeast and bacteria. Although mostly described for peptide uptake, Opt2 and Ptr2 could contribute to the export of yeast peptides to the culture medium.
Systematic functional analysis of microbial genomes is, almost without exception, performed in pure cultures, and even in extensively studied microorganisms, such as S. cerevisiae, a significant fraction of the genes still has no assigned biochemical function (in the case of S. cerevisiae, 12.7% [Saccharomyces Genome Database]; in the case of Lb. delbrueckii subsp. bulgaricus, 30% [NCBI database]). Our anticipation that large numbers of these genes might be activated in response to cocultivation was not confirmed by the transcriptome data. In particular, for S. cerevisiae, we have rarely seen fewer responsive genes in a chemostat-based transcriptome analysis than in the comparison of monocultures and mixed cultures with Lb. delbrueckii subsp. bulgaricus (9, 44, 57, 61, 62) . Conversely, when cocultivated with the malolactic bacterium Oenococcus oeni, the wine yeast S. cerevisiae VIN13 responded by a larger change in gene expression (272 genes differentially expressed after 7 days in a setup mimicking wine fermentation), and 25% of the differentially expressed genes were classified as proteins with unknown function (17) . The change in expression of these poorly annotated genes specifically responding to cocultivation may contribute to their functional annotation. In that study and in contrast to the findings of the present study, the wine yeast did not respond to the presence of lactic acid by an upregulation of genes involved in copper and iron metabolism. This difference could readily be explained by a lower lactate concentration (48 mM against 120 mM in the present study) and by the different experimental conditions that may lead to differences in iron and copper bioavailability (differences in metal concentration and form, different biomass concentrations, etc.). On the other hand, the expression of DLD1 and DLD2, encoding lactate dehydrogenases, was increased in the wine strain in response to cocultivation with O. oeni, presumably as a consequence of the lactate produced by the lactic acid bacterium. Despite the alleviation of glucose repression in the carbon-limited cultures, the expression of these glucose-repressed and lactate-induced genes was not affected in the laboratory strain in the present study. Other responses, such as a downregulation of genes involved in sterol metabolism, were identified in the wine strain in response to the presence of the lactic acid bacterium. This response, which is larger than the one observed in the present study, may be partly explained by the choice of two microorganisms isolated from wine. The frequent simultaneous occurrence of S. cerevisiae and O. oeni in wine for centuries has undoubtedly shaped their genomes toward specific interactions different from those occurring between strains isolated from other environments. Unfortunately, that study did not report the response of O. oeni to cocultivation with yeast (17) .
In the present study, the number of genes that showed a significant transcriptional response to cocultivation was higher in Lb. delbrueckii subsp. bulgaricus than in S. cerevisiae and revealed an overrepresentation of genes involved in amino acid and lipid, notably, LCFA, metabolism. Since downregulation of genes involved in cysteine, methionine, and threonine metabolism in the mixed cultures did not coincide with different concentrations of these amino acids relative to those of the pure cultures, it is unlikely to reflect a direct cross-feeding of these amino acids from the yeast to the bacterium. Alternatively, the downregulation of genes involved in synthesis of sulfur-containing amino acids might, for example, reflect a release of other reduced sulfur compounds (e.g., sulfide or sulfite [63] ) by the yeast. The differential regulation of these genes in Lb. delbrueckii subsp. bulgaricus may also indicate changes in the redox status of the cultures between single and mixed populations; however, if this were the case, a response from the yeast would also be expected. Regarding the upregulation of genes involved in lipid biosynthesis, a similar response was observed in Lactobacillus plantarum when this bacterium was exposed to ethanol. In Lb. plantarum, exposure to 8% ethanol resulted in the upregulation of the fab locus involved in fatty acid biosynthesis and the modification of the fatty acid composition of the cell membrane (64) . Although these observations were obtained in another species with substantially higher ethanol concentrations (ca. 0.6% ethanol was produced in mixed and yeast monocultures in the present work), they suggest that the upregulation of genes involved in LCFA synthesis in Lb. delbrueckii subsp. bulgaricus could be a response to the yeast-produced ethanol. However, the upregulation of genes involved in fatty acid metabolism in Lb. delbrueckii subsp. bulgaricus may also be caused by a competition for Tween 80, which was added as an essential source of unsaturated fatty acids for both microorganisms. Optimization of Tween 80 concentrations is notoriously difficult. This source of oleic acid impairs growth (results in lower biomass yields) of both S. cerevisiae and Lb. delbrueckii subsp. bulgaricus at suboptimal concentrations but is inhibitory when present in excess, resulting in a rather narrow range of optimal concentrations in chemostat cultures at the biomass concentrations used in the present study (37) (38) (39) . However, mixed and pure cultures revealed no difference in Lb. delbrueckii subsp. bulgaricus biomass yields (Table 1) . Furthermore, physiological and transcriptome analysis of S. cerevisiae gave no indication of Tween 80 limitation in mixed culture. Maligoy and coauthors compared the transcriptome data for L. lactis in pure, well-controlled batch cultures with transcriptome data from cocultures with Saccharomyces cerevisiae (16) . The most prominent response of the lactic acid bacterium to cocultivation with S. cerevisiae was an upregulation of genes involved in pyrimidine synthesis. While this response could not be explained by modification of the nutrient supply between mono-and mixed cultures, the authors identified ethanol as a potential factor for this response. Upregulation of genes involved in pyrimidine de novo synthesis was induced by ethanol for concentrations as low as 30 mM. Even though ethanol concentrations reached 130 mM, the corresponding genes of Lb. delbrueckii subsp. bulgaricus were not affected by cocultivation with yeast, indicating a genus dependency of the ethanol response among lactic acid bacteria. Unfortunately, Maligoy and coauthors did not investigate the reciprocal yeast response (16) .
Cocultivation with S. cerevisiae led to a remarkable change in the morphology of Lb. delbrueckii subsp. bulgaricus, but we did not observe the strong physical interactions between yeast cells and lactic acid bacteria that have been reported in kefir cultures (25, 29, 65) . In this respect, it may be relevant to note that S. cerevisiae CEN.PK113-7D is a laboratory strain whose ability to interact with prokaryotes may have been reduced during its construction and prolonged cultivation in the laboratory (32) . Similarly, the Lb. delbrueckii subsp. bulgaricus strain used in this study was isolated from a dairy where it is fully adapted to an association with another lactic acid bacterium, Streptomyces salivarius subsp. thermophilus (55) . It will be interesting to investigate whether strains isolated from environments where they naturally coexist reveal additional interactions.
This study demonstrates that chemostat-based transcriptome analysis can identify biologically relevant responses in mixed cultures. This approach can be extended to investigate interactions of other microorganisms that occur together in food fermentation (66) , either synergistically or as contaminants. Furthermore, this technique seems to be excellently suited to study the cocultivation of antibiotic-producing microorganisms and relevant target organisms and the degradation of complex substrates by defined or natural consortia and evaluate metabolic engineering strategies for achieving stable cocultivation of industrially relevant microorganisms.
